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A BST R AC T
Understanding the ecological patterns and ecosystem processes of tropical rainforest canopies is 
becoming increasingly urgent in the face of widespread deforestation. However, accessing rainforest 
canopies is far from simple, and performing manipulative experiments in the canopy is particu-
larly challenging. Botanic gardens provide an ideal ‘halfway house’ between field experiments and 
controlled laboratory conditions. As an ideal venue for testing equipment and refining ideas, botanic 
gardens also provide scientists with a direct route to public engagement, and potentially to research 
impact. Here we describe the ‘fernarium’, an adjustable canopy research platform for the standard-
isation, manipulation and detailed study of epiphytic bird’s nest ferns (Asplenium nidus) at the Eden 
Project in Cornwall. The fernarium provides a platform not only for the scientific study of bird’s 
nest ferns, but for public engagement, science communication and a wider understanding of the 
urgent environmental issues surrounding tropical rainforests. We include some preliminary results 
from an experiment in which the microbial community of a fern soil at the Eden Project was found 
to be similar in composition to that of a fern from lowland tropical rainforest in Malaysian Borneo. 
This study illustrates how preliminary experiments in an indoor rainforest can inform experimental 
techniques and procedures fundamental to the scientific study of genuine rainforest canopies.
I N T RODUC T ION
The challenge of rainforest canopy science
Tropical rainforests are some of the most biodiverse yet threatened regions on the planet 
(Myers et al., 2000; Achard et al., 2002). Understanding the way in which rainforests 
function, particularly in response to environmental disturbance, is crucial (Fayle et al., 
2015a). Rainforest canopies in particular are not well understood, despite being criti-
cally important in influencing the world’s climate, and to global carbon and nitrogen 
cycles (Lowman & Rinker, 2004). Rainforest canopies also house large numbers of 
‘specialists’, plant and animal species adapted to specific niches, distinct from those 
found elsewhere in the rainforest (Nadkarni et al., 2002). Although scientific studies 
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of these ecosystems are increasing as a result of advances in canopy access techniques 
(Lowman & Schowalter, 2012), they nonetheless remain difficult environments within 
which to perform scientific research. The study of canopy soils in particular can be 
very challenging due to the sensitivity of soil microbes to environmental disturbance 
(Nannipieri et al., 2003; Nannipieri et al., 2012).
The Eden Project
Botanic gardens can play a key role in increasing our understanding of tropical rainforests. 
The global network of such institutions provides a wealth of knowledge and resources that 
can help scientists to understand these complex ecosystems, whilst providing a unique 
forum for researchers to communicate directly with the general public (Shaw, 2015).
The Eden Project in Cornwall consists of outdoor gardens and two large enclosed 
biomes on a 105ha site within a decommissioned china clay quarry (Fig. 1). The 
Rainforest Biome covers an area of 15,590m² and, at 50m tall at its highest point, is 
one of the largest greenhouses in the world. Over 1,000 plant species are housed in 
five thematic areas (West Africa, Oceanic Islands, Amazon, Crops and Cornucopia, and 
Malaysia). This large-scale mixed assortment of perennial tropical plants is contained 
within an effectively sealed environment, under controlled levels of temperature (air 
21°C ± 3°C, soil 20°C ± 1°C) and humidity (97 per cent ± 3 per cent) (M. Cutler, pers. 
comm.). In addition to the plants introduced 15 years ago, prior to its opening, the site 
has been colonised by a range of local invertebrate species as well as a number of exotic 
introductions. These populations are closely monitored as part of a DEFRA-enforced 
pest management programme (Treseder et al., 2011).
The accessibility of the site for scientists and researchers, the assortment of tropical 
specimen plants growing under controlled conditions, and the functionally represent-
Fig. 1 The Eden Project outdoor gardens and two enclosed biomes. The Rainforest Biome is on the left. 
Photo: Hufton Crow.
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ative ecosystem contained within the biome all create a highly appealing opportunity 
for tropical ecologists to conduct tropical research from within the UK. Such experi-
ments may be for the collection of preliminary data, or they may encompass a complete 
study. The on-site facilities include Industrial Rope Access Trade Association (IRATA) 
qualified staff, a cherry picker and a soon-to-be extended canopy walkway, making the 
site even more attractive to those focused on the ecology of tropical rainforest canopies 
(Fig. 2).
E PI PH Y T E S A N D CA NOPY ST U DI E S
Epiphytes are plants that are adapted to live on the trunks and branches of trees, using 
these larger plants as a means of support. Epiphytes are well adapted to the physically 
harsh, often variable conditions within the canopy (Benzing, 1983). Their ability to 
survive in this relatively stressful environment with minimal nutrient inputs makes them 
ideal specimen plants in botanic gardens. This resilience also makes them useful tools 
for performing ecological experiments (Srivastava et al., 2004).
The bird’s nest fern (Asplenium nidus), found across much of tropical Asia and 
Australasia, is an epiphyte consisting of a rosette of upward-facing fronds, and a fibrous 
root mass, which anchors the fern to the host plant (Figs 3 & 4). The leaves trap falling 
litter which subsequently decomposes within the root mass, providing nutrients and 
moisture (Benzing, 1983; Turner et al., 2007), and a microhabitat capable of supporting 
Fig. 2 Eden staff using rope access techniques within the Tropical Humid Biome. Photo: J. Donald.
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a significant proportion of rainforest invertebrate biodiversity (Ellwood et al., 2002; 
Ellwood & Foster, 2004; Dial et al., 2006). In pristine rainforest the ferns are abundant 
at all heights, demonstrating their ability to survive the hot and dry conditions of the 
canopy, as well as the more humid conditions of the understorey (Fayle et al., 2009). 
This tolerance for a wide range of physical conditions explains not only their prevalence 
in the tropical hothouses of many botanic gardens but also their popularity as ornamental 
plants in the landscaping of Southeast Asian cities such as Singapore.
As natural microcosms (Srivastava et al., 2004), Bird’s nest ferns have been used 
to represent ideal natural microcosms. The ferns have been used to investigate species 
assembly rules among insects and other invertebrates (Ellwood et al., 2009; Fayle et al., 
2015b) and to investigate the supply of nutrients to the forest floor (Turner et al., 2007). 
However, little is known about the microbial community within these ferns, despite the 
fact that microorganisms are known to drive decomposition and nutrient cycling, thus 
potentially underpinning the maintenance of the high levels of species diversity within 
the forest canopy (Hietz et al., 2002; Cardelús, 2010).
The discrete, self-contained nature of the ferns, their resistance to desiccation and 
their ability to survive experimental manipulation makes this plant an ideal system, not 
just for studies conducted within rainforest (e.g. Ellwood et al., 2009), but for devel-
oping and testing a wide range of research questions, and for local studies in any botanic 
garden that includes ferns among its collection.
Fig. 3 An Asplenium phyllitidis fern in the lower rainforest canopy of the Danum valley Conservation Area 
in Sabah, Malaysia. Photo: J. Donald.
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A PL AT F OR M F OR CA NOPY SC I E NC E
This project is a step towards understanding the functioning of epiphytic plants in 
threatened rainforests, taking advantage of the potential of epiphytes for microcosm 
studies and the convenience of a tropical botanic garden located within the UK. To 
make full use of these resources, it was necessary to develop an innovative canopy 
research platform. The resulting ‘fernarium’ allows the manipulation and standardisation 
of epiphyte microcosms whilst exploring the following key processes responsible for 
shaping the ecology of canopy habitats:
• nutrient inputs and rates of litter decomposition
• hydrology and nutrient leaching
• invertebrate diversity and colonisation of canopy habitats
• the role of micro-organisms in shaping canopy soils
The following describes the materials and methods used in the construction of the 
platform, and its placement in the canopy. A case study is presented to illustrate the 
utility of the fernarium as part of an experiment to characterise and compare the 
microbial community associated with Eden fern soil with that of a natural fern from 
Malaysian Borneo.
Fig. 4 A large Asplenium nidus fern approximately 50m above the ground in the Danum valley 
Conservation Area in Sabah, Malaysia. Photo: J. Donald.
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M E T HODS
Choosing an experimental site
To facilitate public engagement throughout this research project, the experimental set-up 
was located at the centre of the Rainforest Biome. The experiments took place in two 
Hopea odorata trees, representatives of the Dipterocarpaceae family which dominate 
the forests of Southeast Asia, and which regularly host bird’s nest ferns (Ellwood et 
al., 2002; Ellwood & Foster, 2004). The original tree germplasm was collected in 1998 
from Danum valley Field Centre – which is also the location of our accompanying 
experimental fieldwork – and the Innoprise-FACE Foundation Rainforest Rehabilitation 
Project (INFAPRO). Germplasm was transported to Eden’s Watering Lane Nursery 
for germination and early growth, ready for direct planting during construction in 
2000–2001. When planted, the trees were approximately 1m in height, but after 15 years 
they have grown to around 25m (Fig. 5).
The experiment required 20 bird’s nest ferns, which were procured from Western 
Wholesale Plants Nursery in Chippenham, and, after spending three months in quarantine 
at the Watering Lane Nursery, were introduced to the biome. The ferns were transferred 
into aquatic plant pots 17cm in diameter. Unlike conventional plant pots, the aquatic pots 
maintained the through-flow of water and the exposure of the root ball to air as experi-
enced by natural ferns, whilst holding the root and soil material in position.
Fig. 5 Installing the fernarium using a cherry picker. The platforms are suspended around two Hopea 
odorata trees using galvanised steel wire attached to the roof. Photo: J. Donald.
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The fernarium
This study attempts to reproduce similar conditions to those experienced by bird’s nest 
ferns in natural forests, i.e. exposure to direct sunlight, height in the canopy and leaf 
litter inputs. It was also important to be able to manipulate and standardise conditions 
such as temperature, humidity and rainfall, to ensure that the surrounding physical 
conditions were as authentic as possible. These experimental criteria were satisfied by 
the development of a canopy research platform known as a fernarium. Moreover, given 
the location of our experiments in the centre of the biome, the experiment was shared in 
real time with the general public.
Two platforms with a diameter of 1m were constructed using marine plywood, 
stainless steel plates, bolts and galvanised steel wires. The platforms were assembled 
around the trunks of the two H. odorata trees. Designed to hold ten A. nidus ferns closely 
encircling the trunks, the platform allowed ferns to intercept the leaf litter of their host 
trees as they would under natural forest conditions (Figs 6 & 7). The weight of the 
platforms was supported by a galvanised steel cable attached to the roof of the Rainforest 
Biome. Although the anchor point on the roof was fixed, the attachments to the platforms 
were adjustable, meaning that the platform could slide up and down the tree trunks, and 
be positioned at any height.
Each platform was equipped with an irrigation system connected to the biome’s 
rainwater-fed reservoir (Fig. 8). To monitor the presence of invertebrates in and around 
Fig. 6 Ten Asplenium nidus ferns positioned within the fernarium, with a green Agrisense sticky trap 
shown. Photo: J. Donald.
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the ferns, three Agrisense pre-baited cockroach traps from Killgerm were attached at 
equidistant positions on each platform (Fig. 6). These were collected after one month, 
time enough to give a good insight into the movements of insects in and around the 
ferns. The tapered shape of the pots held each of the ten ferns in position without the 
need to fix them to the platform, hence the soil contained within these pots was easily 
sampled.
Soil microbial community
The standardised replicated conditions of the fernarium facilitated experiments to 
explore the microbial community associated with bird’s nest ferns. Phospholipid Fatty 
Acid (PLFA) analysis was used to compare the community composition of a fern placed 
in the fernarium at the Eden Project with a natural fern collected from the Danum valley 
Conservation Area in Sabah, Malaysian Borneo. The cell wall of micro-organisms is 
made up of PLFAs, with discrete groups of micro-organisms possessing different PLFAs 
within their cell walls. These components can be used as biomarkers to indicate the 
abundance and composition of the different constituents of the microbial community 
(Frostegård et al., 2011).
A sample of soil was collected from the base of each fern and freeze dried. PLFAs 
were extracted using the methodology outlined in Dickson et al. (2009). The extract 
Fig. 7 Aquatic plant pots holding the fern roots and soil in place whilst allowing water through-flow that 
reflects natural plant conditions. Photo: J. Donald.
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was analysed using gas chromatography-mass spectrometry (GC-MS). The peaks 
displayed on the resulting chromatogram were identified as either bacterial or fungal 
as specified by Frostegård & Bååth (1996) and fungal:bacterial ratios were calculated 
for each fern.
R E SU LT S & DI SC USSION
Science communication
With attractive, enticing and often unique collections, botanic gardens can play a key role 
in both biological research and public engagement. Disseminating scientific research to 
the general public can prove challenging for academics, in spite of the inherent value 
of communicating with a wider audience. Public engagement and scientific impact 
is becoming increasingly important, with government funding now contingent upon 
research achieving impact as measured, for example, via the UK government’s Research 
Excellence Framework (REF). The Eden Project can receive as many as 13,000 visitors 
per day, and from their central positon in the biome, the fernarium experiments are seen 
by large numbers of people. In addition to its central location, the fernarium captures 
the attention of the public owing to its size, its unusual shape in the form of a pentagon 
and the fact that it is raised above the ground. By providing an adjacent information 
Fig. 8 Irrigation system which can be customised to deliver varying amounts of water and nutrients to simulate 
projected climate change scenarios. Photo: J. Donald.
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board, written in lay language, members of the public are able to satisfy their curiosity 
by reading about the experimental set-up and the aims of the research, regardless of 
prior scientific education. Talks were given throughout the experiments to members of 
the public and to staff; this provided an opportunity not only for public engagement but 
for knowledge exchange with the Eden science team and garden staff.
Contributions to canopy science
By developing a platform that can support epiphytes under standardised conditions, 
similar to those found in the Malaysian rainforest from which the Eden plants were origi-
nally sourced, the fernarium allows canopy scientists to conduct preliminary research 
before embarking on overseas fieldwork. For example, suspended soils within the 
canopy have been described as integral components of ecosystem-level nutrient cycles 
(Cardelús, 2010). Thanks to its position immediately below the crown of a rainforest tree 
species, the platform can be used to study leaf litter inputs as a source of nutrients for 
canopy epiphytes, and as an ecosystem model for the process of decomposition.
The nutrients associated with suspended soils are released through leaching (Umana 
& Wanek, 2010; Turner et al., 2007; Zimmermann et al., 2007), and thus the water inputs 
associated with these plants will determine not only plant survival but also nutrient 
retention. Building a remotely controlled irrigation system into the fernarium allowed 
the experimental modification of the water supply to the ferns and thus made it possible 
to investigate the impacts of drought or heavy rainfall on leaching and nutrient cycling, 
as well as biological processes within ferns. Levels of irrigation can simulate precipi-
tation rates in line with climate change projections (Sheffield & Wood, 2008). Thus it is 
possible to evaluate the effects of changing rainfall patterns, not only on the health of 
the plants themselves, but also on the functioning of their associated suspended soils. 
Using the same system, levels of nutrients provided to the plants can be manipulated in 
an attempt to understand the impacts of human-driven nutrient deposition on rainforests 
(Hietz et al., 2002; Hietz et al., 2011).
Given their role in sequestering organic matter, nutrients and water, canopy epiphytes 
such as the bird’s nest fern represent a significant resource for canopy organisms, particu-
larly arthropods (Ellwood et al., 2002; Ellwood & Foster, 2004). The species richness 
and sheer abundance of invertebrates in tropical habitats can make experimental manipu-
lations of complex ecological interactions especially difficult. However, the simplified, 
standardised conditions associated with botanic gardens mean that, although invertebrate 
diversity is orders of magnitude lower, and in some cases precisely because of this, it is 
still possible to complete worthwhile ecological experiments. For example, sticky traps 
revealed that standardised ferns situated in the Eden Project were rapidly colonised by 
a sufficient yet experimentally tractable diversity of white-footed ants (Technomyrmex 
albipes), Surinam cockroaches (Pycnoscelus surinamensis) and Australian cockroaches 
(Periplaneta australasiae). From a practical perspective, this discovery suggests that 
invertebrates such as cockroaches are using pockets of organic matter and suspended 
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soils within epiphytes as they would in the rainforest canopy, and are perhaps escaping 
conventional pest control methods.
Soil microbial community
Microbes inhabiting suspended soils such as those found around bird’s nest ferns are 
likely to play a key role in organic matter decomposition, nutrient cycling and the 
viability of the fern (Cardelús, 2010). By recreating near-natural conditions of epiphytic 
ferns and their suspended soil under standardised conditions, the fernarium facilitates 
the research and development of methods for sampling and understanding soil microbe 
communities. The mobile plant pots can be removed from the platform, allowing for 
the rapid and non-invasive collection of soil samples. Moreover, given the sensitivity of 
soil analysis techniques to disturbance and environmental fluctuations, it is enormously 
beneficial to be able to standardise temperature and humidity, perform experiments in a 
secure location such as the Rainforest Biome, and take advantage of the site’s proximity 
to universities and laboratory facilities. The diverse yet controlled nature of the biome’s 
ecosystem also strengthens its use as a site for exploring ecosystem function, in 
comparison to the more sterile conditions of classic greenhouse studies.
A range of PLFAs were extracted and identified from the fern soil contained within the 
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Fig. 9 Chromatogram displaying the PLFA profiles of a soil collected from a bird’s nest fern at the Eden 
Project Cornwall, and from the Danum valley Conservation Area in Sabah, Malaysian Borneo. Peaks indicate 
the relative abundance of phospholipids within each sample. By comparing peak areas against others on the 
same trace, it is possible to evaluate the composition of the microbial community of each sample. Peaks A–J 
are biomarkers of bacteria whilst peak K is indicative of fungi (as identified by Frostgård & Baath, 1996).
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parts of the microbial community, and their relative importance in comparison with ferns 
from natural forests. Eden fern soil contains a microbial community with a fungal:bacterial 
ratio of 0.02:0.98, whilst fern soil from the Danum valley in Malaysian Borneo displays a 
fungal:bacterial ratio of 0.23:0.77. This result suggests that fungi are of greater importance 
in the fern’s natural habitat, probably due to the prevalence of a more developed fungal 
community in the surrounding rainforest canopy compared with the Eden biome. In spite 
of the difference in composition, the range of PLFAs appears consistent with those found 
in a fern from Borneo. Peaks indicating the phospholipids i15:0, 16:0 and 18:1ɷ2 dominate 
both traces (labelled C, G and K in Fig. 9), which indicates that similar key microbial 
groups predominate in both systems. By enabling the quantification of fungal:bacteria 
ratios and the determination of community composition, this study demonstrates the feasi-
bility of using Eden ferns to conduct research on a genuine rainforest system.
CONC LUSION
Botanic gardens can be used by scientists to perform experiments while maximising 
public engagement and generating impact from their work. Moreover, the results can be 
used to inform the future management of the gardens, generating valuable knowledge 
exchange between scientists and horticulturists. The fernarium will continue to facilitate 
canopy research at the Eden Project, allowing scientists to explore the key biotic and 
abiotic processes shaping canopy ecosystems, whilst enabling the perfection of experi-
ments that may be difficult to develop under field conditions.
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